Abstract -The objective of this study was to evaluate the temperature sensitivity of three stingless bee species, one from the tropical highland transition Neartic-Neotropical region (Melipona colimana) and two from the tropical lowland regions (Melipona beecheii and Scaptotrigona hellwegeri) of Mexico. The changes in thoracic temperature, behavior, and mortality rate of workers and pupae of the three species submitted to control high and low temperatures were assessed. Workers of highland M. colimana regurgitated water and fanned their wings when submitted to high temperatures, a behavior reported here for the first time in a stingless bee. M. colimana consumed syrup and increased its thoracic temperature in response to cold environment. Workers and pupae of M. colimana experienced lower mortality rates than M. beecheii and S. hellwegeri. The results of this study showed the tolerance of M. colimana to a wider temperature range, possibly as a response to extreme conditions in its native environment. The implications of thermal susceptibility differences for the conservation of highland and lowland stingless bees are discussed.
INTRODUCTION
Critical temperatures are defined as the limits of an organism's performance and may reflect adaptation of ectotherms to their climate (Deutsch et al. 2008) . Thermal tolerance curves also provide a physiological framework that may help to predict the effect of climatic change on different taxa (Huey and Stevenson 1979; Frazier et al. 2006) . In spite of the importance of temperature tolerance data in insects, studies on temperature tolerance in bees other than the honeybees are lacking. In stingless bees, there is a lack of information on thermal performance of different species, which is urgently needed in order to evaluate the effects of habitat deterio-ration and climatic change on these key pollinators of the tropical and subtropical areas of the world. In eusocial bees (Apini and Meliponini), colonies are perennial and the production of individuals is continuous over long periods of time. Such features are linked to the ability of colonies to control nest temperatures within ranges that are optimal for the development of the immature brood (Tautz et al. 2003; Jones et al. 2005; Mc Mullan and Brown 2005) . The adult workers of eusocial bees exhibit an array of physiological and behavioral responses to extreme variations in the environment to maintain internal nest temperatures (Heinrich 1993; Jones and Oldroyd 2007) . The mechanisms that social insects have evolved to regulate nest temperature fall into two categories: active and passive. Passive mechanisms include nest site selection, nest structures, and simple behaviors such as brood translocation. On the other hand, active mechanisms involve behaviors where individuals modify nest temperature by physical activity like wing fanning or evaporative cooling (Jones et al. 2005; Jones and Oldroyd 2007) . In stingless bees, the role of maintaining nest homeostasis is not clear (Zucchi and Sakagami 1972; Fletcher and Crewe 1981; Roubik 1983 ). For instance, species like Nannotrigona perilampoides collect water at high environmental temperatures (Cauich et al. 2004 ), but it is unknown if water is used to actively cool down their nest by wing fanning and evaporation (Roubik 2006) . Most species of stingless bees are geographically restricted to low tropical and subtropical regions which could be a result of their limited ability to warm up their nests at low environmental temperatures. However, few species also dwell at tropical highlands and may show tolerance to cold by means of active mechanism, but this has not been evaluated (Sakagami 1982; Wille 1983; Ortiz-Mora et al. 1995; Nogueira-Neto 1997) . Accordingly, all studies of temperature control in stingless bee colonies have been conducted on species that inhabit Neotropical environments (Zucchi and Sakagami 1972; Fletcher and Crewe 1981; Roubik and Peralta 1983) and have not compared the individual response of workers and immature stages of species from highland and lowland tropics. Thus, stingless bee species, inhabiting contrasting climates, represent potential models on which to evaluate the individual physiology and behavior of temperature control that may lead to adaptation to these environments. Tolerance to extreme cold and heat in brood and adult workers of highland Melipona colimana and lowland Melipona beecheii and Scaptotrigona hellwegeri was studied in order to compare the behavioral and physiological responses to temperature fluctuation resulting from adaptation to their contrasting environments. The study of these species may help to determine the ability to maintain nest homeostasis that may exist in stingless bees given the diverse range of habitats and nesting sites across the tropics.
MATERIALS AND METHODS

Study site and species description
The study was conducted at the Centro Universitario del Sur (CUSUR) of the Universidad de Guadalajara in Ciudad Guzman, Jalisco, Mexico, localized at a latitude of 19°42′10″ and longitude of 103°27′45″ with an altitude of 1,507 m above sea level (masl). Three stingless bee species, one from the tropical highlands (M. colimana) and two from the lowland tropics (M. beecheii and S. hellwegeri), were used. M. colimana Ayala 1999 has a marked geographic endemism to the highland pine-oak forests of western Mexico (south of Jalisco state). This species has a black integument with yellow marks, orange pubescence, with a body length of 9.5 mm, and weight of 0.067 g. It has only been reported in tropical highlands from 1,500 to 1,900 masl (Ayala 1999) . The temperature in the western pine forest in Mexico is, on average, 23.1°C during the summer and 18.6°C in the winter, but temperatures of 7°C can be common, and in this area, there are reports of temperatures lower than 10°C for up to 40 days at a time (CONAGUA 2007b) . The other two species under study, M. beecheii and S. hellwegeri, are only found in low subtropical and tropical rain forests with sea level records at a maximum altitude of 1,100 masl, with a temperature average of 28.7°C and 900 to 1,100 mm of rain (Ayala 1999; CON-AGUA 2007a) . M. beecheii is a species with a body length between 9.7 and 10.7 mm, with a body weight of 0.057 g. It presents an almost total black integument with brownish-gray and black drawings on the legs, whitish pubescence at the sides of the mesosome, and ochre or orange on the rest of the body. S. hellwegeri has a body length of 4.7 to 5.1 mm with an orange and black integument (Ayala 1999) , with a weight of 0.013 g. It was decided to use S. hellwegeri as a point of comparison with another tropical climate stingless bee genus, since some internal environmental control behaviors have been previously reported in other Scaptotrigona species (Scaptotrigona postica) (Engels et al. 1995) . The geographic distribution of these species encompasses the Gulf and Pacific coasts of Mexico (Ayala 1999) , thus with a distribution geographically close to that of M. colimana (Figure 1 ). Specimens of five colonies were evaluated for each of the three bee species. All the colonies were moved to the CUSUR campus. Two experiments were conducted under controlled low and high temperatures: the first to evaluate the individual response (measured as changes in the thoracic temperature) and the behavior of groups of worker bees (measured as syrup and water consumption and wing fanning) and a second to determine the tolerance (measured by survival rate) of workers and brood pupae.
Thoracic temperature and behavior
of adult workers at high and low temperatures
First, the change in the thoracic temperature of bees under controlled low and high temperatures was evaluated. From each colony, 100 workers were taken from the brood area and were placed in wooden boxes (12.5×7×5 cm) with two plastic feeders, one containing sugar syrup 2:1 (sugar/water) and another one containing only water. The groups of bees were kept for five hours at 7°C, which is the minimum temperature that has been recorded at the locality of origin of M. colimana. Temperature records were taken on the thorax of 40 individuals every hour using an infrared thermometer . Syrup and water consumption were recorded every hour in each group. The experiment was repeated after 5 days with different samples of bees from different colonies of each species. To evaluate the behavior of bees at high temperatures, a similar procedure was Figure 1 . Distribution of M. colimana, M. beecheii, and S. hellwegeri in Mexico (based on data from Ayala 1999).
Temperature tolerance of three stingless bees followed, but this time, the bees were kept at 40°C in an incubator (Ter-Lab NB-100). For the experiment at high temperatures, the change in thoracic temperature, the number of bees fanning, and the volume of water and syrup consumed were recorded every hour. A control group of 100 bees of each species was kept at room temperature (25.14±1.43°C), and the same variables were recorded as in the experimental groups. An additional experiment was conducted on the three species, but the groups of bees were kept at 7°C for 24 h. The thoracic temperature was registered once at the end of this period of time when the bees were under cold-induced lethargy and again when they recovered mobility. Additionally, the number of dead bees and bees which regained mobility and the time it took for their full recovery were recorded. The results of thoracic temperatures between the three species were compared with ANOVA (Zar 1999) , as were thoracic temperatures of cold-induced lethargic bees, number of dead bees, number of bees that recovered movement, and the time elapsed between cold-induced lethargy and recovering in the latter. The consumption of water and sugar syrup was correlated with thoracic temperature and fanning bees with a Pearson correlation. The software Statgraphics Plus® (Statistical Graphics Corp. 1999) was used for statistical analyses.
Temperature tolerance of adults and pupae
In this part of the study, adult workers and pupae of M. colimana, M. beecheii, and S. hellwegeri from five different colonies were submitted to a range of extreme temperatures during 24 h (Mardan and Kevan 2002; Dias and Aparecido 2004) . Ten workers from the brood nest were taken to evaluate adult individuals by putting them in observation wooden boxes, with the same dimensions as the experiments in 2.2 and with the same type of feeders. Brood comb sections, which contained an amount of~80 pupae were used in the experiments (Mardan and Kevan 2002) . All pupae were at the same stage of growth, with pink eyes (M. colimana and M. beecheii pupae between 40 and 45 days of age and S. hellwegeri between 30 and 35 days). Each group of 10 bees and the combs were submitted to different low temperatures (−10°C, −5°C, −2°C, 2°C, and 5°C) and high temperatures (30°C, 33°C , 36°C, 38°C, and 40°C) for 24 h. Five replicates were made for each of the ten temperatures, one per colony. Five control groups with adult bees and brood were kept at room temperature (25.14°C±1.43°C) during the experiments. The mortality rate was measured after 24 h. All individuals inactive 1 h after ending the experiments were considered dead. The consumption of water and syrup was recorded at the end of the experiment. Estimation of the lethal temperatures to reach 50% and 100% mortality (LT50 and LT100) was made by means of the analysis of PROBIT using the statistical package for the social sciences (SPSS 2006) . A Pearson's correlation analysis was performed between the mortality percentage and temperature for pupae and adults. Additionally, the relationship between water and syrup consumption at different temperatures was also analyzed for each species using a Pearson's correlation.
RESULTS
Thoracic temperature and behavior of adult workers at high and low temperatures
Important differences in thoracic temperature among the three bee species were observed when they were subjected to 7°C (F=165.35; DF=2, 72; P<0.01), room temperature (F= 112.08; DF=2, 72; P<0.01), and extreme heat of 40°C (F=106.51; DF=2, 72; P<0.01). M. colimana workers had higher values under the three temperature treatments (Figure 2) .
When the three species were exposed to cold conditions, only the workers of M. colimana consumed syrup, with an average of 2.9± 0.25 ml of syrup consumed at the end of 5 h. Syrup consumption increased with thoracic temperature, yielding a positive correlation of 0.677 (F=19.50, DF=23, P<0.01) (Figure 3) .
In groups of bees at room temperature (25.14± 1.43°C), consumption of syrup, water, or fanning was not observed for any of the three species. On the other hand, in bees subjected to 40°C, water consumption occurred in all three species; moreover, water consumption (F=66.96; DF=2, 72; P <0.01) was significantly higher in M. colimana compared with the other two species. On average, M. colimana consumed 4.20±2.13 ml of water, while M. beecheii and S. hellwegeri consumed 0.81±0.47 and 0.20±0.18 ml, respectively. In M. colimana, a significant correlation (r =0.626) occurred between thoracic temperature and water consumption (F=14.90, DF=23, P< 0.01). In the other species, the correlation between thoracic temperature and water consumption was very low and not significant: S. hellwegeri, r=0.271 (F=1.83, DF=23, P>0.01), and M. beecheii, r=0.349 (F=3.19, DF=23, P< 0.01). As for the number of fanning bees (fanning only occurred in M. colimana), an average of 55.72±11.88 was recorded, which means that more than half of the group was involved in that behavior. A significant correlation (r=0.794) occurred between fanning bees and water consumption (F=39.28, DF=23, P< 0.01). Under high temperature, workers of M. colimana were observed regurgitating drops of water (no syrup was consumed at this temperature) on the floor of the box (between 2 and 5 droplets). In groups of bees that were exposed to Thoracic temperature (°C) Syrup consumption (ml) Figure 3 . Correlation between bee thoracic temperature and syrup consumption in groups of M. colimana, subjected to 7°C for a period of 5 h. Temperature tolerance of three stingless bees low temperature for 24 h, the thoracic temperature of the immobile bees was highest in M. colimana, and there were significant statistical differences between the three species (F=14.51; DF=2, 12; P<0.01), and a similar result occurred with the thoracic temperature of bees in motion (F = 392.35; DF = 2, 12; P < 0.01) ( Table I) . As for the number of dead bees, M. colimana workers showed the lowest mortality under these conditions (F=39.54; DF=2, 12; P <0.01), a similar result was obtained for the number of bees which had increased movement (F=68.96; DF=2, 12; P<0.01) and the time needed for the bees to recover from cold-induced lethargy (F=36.06; DF=2, 12; P<0.01), M. colimana recovered more quickly compared with the other two species. (Table I) .
Temperature tolerance of adults and pupae
The mortality rate of adults and pupae for the three species was greater at low temperatures than at high temperatures. In the case of adults, workers of M. colimana better tolerated low temperatures compared with the other two species. In contrast, adults of the three species were more tolerant to high temperatures with a minimum mortality at temperatures between 25°C and 40°C (Figure 4) .
The results also showed that M. colimana adults tolerated lower mean lethal (LT50) and total lethal temperature (LT100) than other species. In low temperatures, the calculated LT50 for M. colimana adults was 1.7°C, while for M. beecheii and S. hellwegeri, it was 3.5°C and 5.0°C, respectively. Similarly, the LT100 for M. colimana adults was −5°C, for M. beecheii −2°C, and all S. hellwegeri workers died at 2°C. Under extreme heat, adult mortality in all species did not reach LT50 or LT100 for the tested temperatures. For all temperatures tested, the point of lowest pupal mortality was found at 25°C. Below this temperature, mortality increased strongly. In pupae, M. colimana was more resistant to cold than the other two species, all pupae of M. beecheii and S. hellwegeri died at 5°C, while 50% of M. colimana pupae survived; however, 100% of pupae mortality was observed at 2°C. Comparisons of pupal mortality at high temperatures between the three species showed the lowest in M. colimana, followed by S. hellwegeri and the highest in M. beecheii ( Figure 5 ).
M. colimana pupae had a significantly higher LT50 than the other two species (39.1°C vs 34°C for M. beecheii, and 33°C for S. hellwegeri). As in results in 3.1, all three species used water at different high temperatures and only workers of M. colimana consumed syrup at low temperatures. In general, there was a significant positive correlation between high temperatures and water consumption for the three bee species; for M. colimana r=0.89 (F=35.85, DF=9, P<0.01), for M. beecheii r=0.93 (F=58.52, DF=9, P< 0.01), and for S. hellwegeri r=0.80 (F=16.19, DF=9, P<0.01). For all three species, there was a negative correlation between the experimental temperatures and the percentage of adult and pupal mortality (Table II) , corroborating that both adults and pupae are prone to die as temperatures decline.
DISCUSSION
The results showed that both, the adults and pupae of highland M. colimana, better tolerated extreme temperatures compared to M. beecheii and S. hellwegeri from tropical lowlands. Remarkably, the behavior of water evaporation, never before reported in stingless bees (Jones and Oldroyd 2007) , was observed in groups of M. colimana workers. Unlike their lowland counterparts, M. colimana workers increased sugar syrup consumption and their thoracic temperature in response to a cold environment and, in response to high temperatures, they engaged in water evaporation by means of regurgitation and fanning, which indicates that this species may have developed active mechanisms of temperature control of the nest. However, it will be necessary to conduct studies on whole colonies to determine the relative use of passive and active mechanisms of temperature control in this species under natural and experimental conditions. 
Temperature tolerance of three stingless bees
Under cold temperatures, the individual increase in thoracic temperature was associated with a higher consumption of sugar syrup, which may indicate that M. colimana workers may develop active heating of their nests under low environmental temperatures. In fact, heating up the nest under cold ambient temperatures has been reported in stingless bees S. postica and Trigona denoiti (Fletcher and Crewe 1981; Engels et al. 1995) . Heat generation at the individual basis is considered one of the first steps towards an active system of homeostatic control (Heinrich 1993; Jones et al. 2005; Jones and Oldroyd 2007) . Heat generation is also associated with higher sugar intake to fuel the corresponding increase in metabolic heat. Both traits imply that highland M. colimana may develop active heat production supported by sugar consumption. However, it is important to assess if the increase of metabolic heat is performed in whole colonies of highland stingless bees and if it can be sustained over long periods of time, as the experiments, where this behavior was observed, only lasted 5 h. Worker heat production is known for other species with temperature control mechanisms such as bumblebees (Bombus spp.) and Apis mellifera, which depend on stored resources to generate metabolic heat (Seeley and Heinrich 1981; Velthuis 2002; Schmolz and Lamprecht 2004; Gurel et al. 2008) . However, such species are capable of maintaining nest temperatures over long periods of time, and in the case of A. mellifera, this enables them to survive winter periods (Seeley 1995; Tautz 2008) which is not the case in any species of stingless bee. It is also important to consider that body size may have an influence in temperature control as bees with larger body mass could have a potential to produce heat more efficiently (Jones and Oldroyd 2007; Gurel et al. 2008) ; in this respect, it is interesting that M. colimana shows larger body weight (0.067 g) compared with the other two species, M. beecheii (0.057 g) and S. hellwegeri (0.013), which may also be an adaptation for heat production in M. colimana.
In the experiments under high temperatures, M. colimana workers consumed and regurgitated drops of water while fanning their wings; this was not observed neither in M. beecheii or S. hellwegeri. In natural conditions, there is no evidence that M. colimana collects water to cool its colony when ambient temperature increases (unpublished data, Octavio Macías). A positive relationship between increased water consumption and wing ventilation may indicate that these bees are capable of regulating the nest temperature through water evaporation. Wing fanning has been reported in other species of stingless bees (Roubik and Peralta 1983; Moritz and Crewe 1998; Engels et al. 1995) , and it is assumed that helps in regulating nest temperature. However, the behavior of regurgitating drops of water and fanning wings in M. colimana was similar to that observed in honeybees for cooling down their nest when environmental temperatures increase (Dyer and Seeley 1991; Seeley 1995; Tautz 2008) . These behav- iors (ventilation, water consumption, regurgitating, and evaporation) are associated with heat regulation and are considered active control mechanisms (Seeley and Heinrich 1981; Jones and Oldroyd 2007) . Nevertheless, it will also be necessary to determine the relative importance of these mechanisms in nest thermoregulation of whole colonies of highland stingless bees. In contrast to other eusocial species like A. mellifera, stingless bees may have an exothermic control to maintain body temperature by reducing movements (no energy use) and to survive at low temperature conditions, such a form of exothermic temperature control may allow them to survive outside the colony (Engels et al. 1995) . It is known that mature stingless bee drones leave their colony, surviving outdoors for several days (Engels 1988) . While cold-induced lethargy was observed in all stingless bee species in our study after 24 h at low temperatures, the recovery of body movement was faster and the thoracic temperature increased more in M. colimana workers, which also experienced the lower mortality rate suggesting that they have some adaptive mechanism to survive under adverse cold conditions (Engels 1988; Engels et al. 1995) . Lethal temperatures were broader for M. colimana, which may be further evidence that the workers and pupae of this species were more resistant to extreme temperatures in comparison with M. beecheii and S. hellwegeri. In contrast with other species reported to be tolerant to variations in temperature, such as T. angustula and S. postica, the TL50 and TL100 were wider for M. colimana that tolerated 3°C to 5°C below the lethal temperatures recorded for those species (Proni and Hebling 1994; Dias and Aparecido 2004) . Thus, highland M. colimana workers seem to have a wide range of tolerance to different temperatures compared to various species that have been studied mainly from lowland tropics (Proni and Hebling 1994; Dias and Aparecido 2004) . Such traits are marked differences for the first time recorded in stingless bees and may help to improve survival and adaptation to low temperatures in species living in tropical highlands.
There are various species of stingless bees living in high altitude tropical areas, but they have not been studied thoroughly. The response to extreme temperatures that is reported in this study for M. colimana may be present in other species in similar environments. It has been recognized that animal species from the highlands are more likely to deal with heat and cold more effectively than those in relatively more climatically stable tropical lowlands (Ghalambor et al. 2006) . The contrasting temperature tolerance of M. colimana compared with M. beecheii and S. hellwegeri could be explained by adaptation to temperature changes in the highlands that can be more extreme on a daily basis than across seasons (Janzen 1967) . On the other hand, in tropical lowlands, exposure of stingless bee colonies to extreme temperatures is unlikely and the development of active mechanisms to maintain temperature homeostasis may not be necessary. Thus, stingless bee species in the lowland tropics may depend more on passive mechanisms for temperature regulation of their colonies (nesting sites and nest structures). Accordingly, M. colimana may also have developed a repertoire of behaviors that may enable the colonies to act more like an endothermic organism compared with M. beecheii and S. hellwegeri that could be regarded as ectothermic ones. The results of the present work may also be used as indication of the relative susceptibility of lowland species of stingless bees to extreme changes in environmental temperature, a fact that may have implications in stingless bee conservation. Recent analyses of worldwide data bases of temperature tolerance in ectothermic organisms showed that tropical species have the greatest risks of extinction from rapid climate change, as a result of their low tolerance to warming and reduced dispersal (Deutsch et al. 2008) , both features present in lowland stingless bees. More studies are needed to evaluate the responses of stingless bee species inhabiting highland tropical areas to extreme temperature conditions in order to better understand the acclimation and behavioral plasticity of their colonies.
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